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Development of immunoassays specific for the diagnosis of tuberculosis requires* antigens unique to 
Mycobacterium tuberculosis. In a search for such antigens we tested six proteins encoded by RDl, a region 
present in M tuberculosis and virulent M. bovis genomes but missing from the DNA of all substrains of M 
bovis Bacillus Calmette-Guerin (BCG). The six proteins (Rv3871, Rv3872, Rv3873, MTSA-10, ESAT-6 and 
Rv3878) were purified to near-homogeneity from recombinant Escherichia coli. When testcjd for the ability 
to elicit antibody responses and delayed type hypersensitivity in tuberculous guinea pigs, only two of six 
antigens, ESAT-6 and MTSA-10, ehcited strong skin reactions, while vigoibus antibody responses were 
observed to all six proteins. When antibody responses to RDl antigens were evaluated in sera from patients 
having pulmonary tuberculosis and from control subjects (patients having mycobacterioses other than 
tuberculosis, and healthy persons), a sizeable proportion (25%) of tuberculosis patients but none of the 
control subjects, had antibodies against MTSA-10 and/or ESAT-6. We conclude that MTSA-10 and ESAT-6 
are promising candidates for immunodiagnostic assays specific for tuberculosis. 
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INTRODUCTION 

Advances in tuberculosis (TB) control require new, improved 
tools for the diagnosis of tuberculous infection and disease 
(reviewed in [1,2]). Inununological assays, which have been 
prominent in TB diagnosis ever since the discovery of tuberculin 
by Robert Koch in the 1890*s, need to fulfil two requirements 
for improved accuracy. First, antigens in the tests must be 
specific for Mycobacterium tuberculosis to avoid false-positive 
test results with subjects vaccinated with M bovis BCG and 
with persons living in areas having a high load of environmental 
mycobacteria. Secondly, cocktails of multiple antigens must be 
formulated to cover the heterogeneous antigen recognition that 
is characteristic of TB [3,4], 

The search for antigens specific for M, tuberculosis is now 
greatly facilitated by our knowledge of the genome sequence of 
M. tuberculosis [5] and the on-going sequence analyses of 
genomes of other, tuberculous and nontuberculous, mycobacteria 
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(http://www.sanger.ac.uk/Projects/; http://www,tigr.org/tdb/). 
Thanks to comparative genomics (for examples see [6, 7]), 
bioinformatic analyses can readily identify genes that are absent 
from the DNA of M. bovis BCG substrains and that lack 
homologs in nontuberculous mycobacteria . most commonly 
associated with human disease, such as M avium [8]. In the 
present report, we have performed immunological characteriza- 
tion of proteins encoded by RDl, a region present in the M 
tuberculosis and virulent M. bovis genomes but absent from the 
DNA of all substrains of M. bovis BCG [9]. 



MATERIALS AND METHODS 

Antigens. Genes located in the RDl region were amplified from DNA 
of M. tuberculosis H37RV by polymerase chain reaction (PGR) and 
cloned into the Escherichia coli vector pQE-30 (Qiagen) following 
standard protocols [10]. Recombinant proteins were purified to 
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near-homogeneity from cultures of E. coli as polyliistidine-tagged 
fusion proteins by using a published three-step purification protocol 
[ri]. The protocol usually yields protein preparations that are > 99% 
pure from protein contaminants and that have a content of 
lipopolysaccharide lower than 10 pg/jjig of protein [1 1], a level that is 
below the sensitivity of guinea pig skin tests [12, 13]. 

Guinea pig sera. Sera were obtained at 15 weeks postinfection from 
14 random-bred. Hartley strain guinea pigs (Charles River Breeding 
Laboratories, Wilmington, MA, USA) exposed to 10-15 colony- 
forming units (GTO) of M. tuberculosis H37RV per animal in an aerosol 
chamber designed to deliver droplet . nuclei directly into the alveolar 
spaces [14], Control sera were obtained from nine uninfected animals. 

Human sera. Sera were obtained from 75 patients haying pulmonary 
TB. 16 patients having mycobacterioses other than mberculosis 
(MOIT) and 50 healthy controls. 

Guinea pig skin test. Two groups of four random-bred Hartley female 
guinea pigs (Harlan Laboratories, Madison, WI, USA), each weighing 

300 g, were used for skin testing. One group was infected by aerosol 
with 10^ M. tuberculosis H37RV cells, and a second, control group was 
mock sensitized by intradermal injection of phosphate-buffered saline 
(PBS). Six weeks after infection, animals were intradennally injected 
with 1 jjLg of PPD and with 2 jig of each purified antigen on the shaved 
back. Injection sites were located 2.5 cm from each other. Diameters (in 
nun) of skin reaction (induration plus erythema) were measured 24 h 
afrer antigen injection. 

Enzyme-linked immunosorbent assay (EUSA), Polystyrene microtiter 
plates were coated with antigen in 0.1 M carbonate-bicarbonate buffer 
pH 9,6 at 4 °C overnight. Coating antigen, concentrations ranged 
between 0. 1 M-g/nil to 3 jxg/ml. Guinea pig sera were used at a 1 : 50 
dilution in PBS plus 0.05% Tween 20 (PBS-T). Inununodetection was 
performed with a rabbit antiguinea-pig immunoglobulin (Ig)G antibody 
conjugated with alkaline phosphatase (Sigma, St Louis, MD, USA) and 
an alkaline phosphatase substrate kit (Bio-Rad, Hercules, CA, USA). 
Optical density was measured at 405 nm (OD405) with a microtiter plate 
reader (Spectra Shell, Tecan. Salzburg, Austria). 

Multi-antigen print immunoassay (MAPIA). IgG antibodies against 
RDl antigens iii human sera were detected by MAPIA, a method that 
utilizes nitrocellulose membranes as solid phase for antigen coating 
[15]. Briefly, proteins were inmiobilized on nitrocellulose membranes 
(Protran BA83, Schleicher & Schuell, Dassel, Germany) as narrow 
bands by using a semiautomatic air-brush printing device (Linomat IV, 
Camag, Muttenz, Switzerland). Coating antigen concentrations ranged 
from 50 p.g/ml to 200 p.g/ml in PBS. The antigen-coated nitrocellulose 
sheet was cut into 4-nun wide strips, which were blocked for 1 h in 1% 
nonfat skim milk in PBS-T and then incubated for 1 h with serum 
samples diluted 1 : 50 in the same blocking buffer. After washing with 
PBS-T, strips were incubated for 1 h with alkaUne-phosphatase-labelled 
antihuman IgG antibody (Sigma) diluted 1 : 2000 in PBS-T, and 
washed again with PBS-T. Enzyme activity was visualized by 
incubating strips for 10 min with 5-bromo-4-chloro-3-indolyl- 
phosphate/nitroblue tetrazolium phosphatase substrate (Kirkegaard & 
Perry Laboratories, Gaithersburg, MA, USA). Strips were rinsed in 
distilled water to stop the reaction. The entire procedure was performed 
at room temperature. The presence of a visible band was scored as 
positive. 



RESULTS AND DISCUSSION 

RDl is a 9.5 kilobase segment of the M. tuberculosis genome 



that is absent from the DNA of all substrains of Af. bovis BCG 
[9]. In earlier work by Ahmad et al. [16], the products of three 
open reading frames in RDl were expressed and serologically 
characterized [one partly corresponding to Rv3877 and two 
small ones that are not predicted by the sequence analysis of 
Cole et aL [5]. We focused our present analyses on the products 
of six other open reading frames in the RDl region [Rv3871, 
Rv3872, Rv3873, MTSA-10 [13], ESAT-6 [17], and Rv3878] 
identified by the genome sequence analysis of Cole et al. [5]. 
Proteins were purified to near-homogeneity from recombinant 
E. coli (data not shown) and analyzed for the ability to elicit 
delayed type hypersensitivity (DTH) and antibody responses in 
tuberculous guinea pigs. Results of guinea pig skin testing are 
shown in Fig. 1.. Of the antigens, two, ESAT-6 and MTSA-10 
[also called CFPIO [18]], were already known to elicit TB- 
specific skin reactions in guinea pigs [13, 19, 20]. As previously 
shown [13], recognition of MTSA-10 varied broadly from 
animal to animal (from 0 mm to ^4 nun diameter of skin 
reaction; Fig. 1). Of the four remaining RDl antigens, three (thje 
products of genes Rv3871, Rv3872, and Rv3878) elicited no 
DTH response and one (the Rv3873 prodtict) gave only a low- 
level (2-4 mm) skin reaction in tuberculous animals (Fig. 1). 
Results of guinea pig serological analysis are shown in Fig. 2, 
Tuberculous animals showed a vigorous antibody response to all 
six RDl antigens. Antibody levels to each antigen varied from 
animal to animal, with some animals having ho antibodies to 
certain antigens (e.g. 3 of 13 in the case of ESAT-6 and 4 of 13 
in the case of Rv3878). Because bacillary loads tend to be very 
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Rv3871 Rv3872 Rv3873 MTSA-10 ESAT-6 Rv3878 PPD 



Fig. 1. Delayed-type hypersensitivity (DTH) to RDl antigens in 
tuberculous guinea pigs. Two groups of four guinea pigs were used for 
skin testing. One group was aerosol-infected with M. tuberculosis 
H37RV, and a second, control group was mock sensitized by intradermal 
injection of phosphate-buffered saline (PBS) (no skin test reaction, not 
shown). Six weeks after infection, animals were intradennally injected 
with 1 ^Jlg of PPD and with 2 |jig of each of the indicated purified 
antigens. Diameters (in mm) of skin reaction (induration plus erythema) 
were measured 24 h after antigen injection. The large standard 
deviation shown for MTSA-10 is owing to the broad animal-to-animal 
variation in the recognition of this antigen [13]. Results obtained with 
Rv3873 were normalized against the saline controls, because this 
protein tended to give 2-3 mm background reactions in saline control 
animals. 
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Fig. 2. Antibody responses to RDl 
antigens in guinea pigs. Levels of serum 
IgG antibodies were analyzed by ELISA 
in 14 guinea pigs aerosol-infected with M. . 
tuberculosis H37RV (♦) and in 9 
uninfected, control animals (O). Each 
data point represents one animal. 
Horizontal bars indicate median values. 
Nine sera that reacted strongly with 
multiple antigens were assayed in mocl^- 
coated plates to control for nonspecific 
binding (*nc| antigen*). 



uniform in guinea pigs infected with low-dose aerosol [21], the 
observed heterogeneity in immune responses should be mainly 
attributable to the major histocompatibility complex (MHC) 
haplotype diversity found in random-bred animals [22, 23]. 

The observation that only two of six RDl proteins induced 
strong DTH in tuberculous animals merits further conunent. In 
general, it is not surprising that only a small proportion of 
proteins selected using a genome-based approach turns out to 
possess the activity under investigation. However, the guinea 
pig skin test results may underestimate DTH activity of the RDl 
antigens for either of two reasons. First, the skin test may not be 
sensitive enough to detect low-level T-cell responses. Indeed, T- 
cell proliferative responses to some antigens can be detected 
under conditions in which a positive skin test is not elicited by 
those antigens (D.N. McMurray, unpublished observations). 
Secondly, some antigens of M. tuberculosis express DTH 
activity only after undergoing post-translational modification 
such as glycosylation or acylation [24, 25], and such modifica- 
tion does not occur in E. coll. The modification state of the RDl 
antigens in Af. tuberculosis cells is not known. Thus, the absence 
of post-translational modification may account for the observed 
lack of DTH activity for some of the RDl proteins expressed in 
E. coli. 

Because all RDl antigens elicited antibody responses in 
guinea pigs, we next assessed their serological activity in human 
TB (Table 1). Sera were obtained from 75 patients having 
culture-confirmed pulmonary TB, 16 patients having culture- 
confirmed MOTT disease, and 50 healthy blood donors. 
Antibody detection was conducted by MAPIA, a nitrocellulose 
membrane-based assay described in the Materials and Methods. 
Representative results are presented in Fig. 3. The Rv3873 
protein tended to give background reactions with negative 
control sera (data not shown) and was excluded from further 
evaluation. No antibodies to the remaining five antigens 
(Rv3871, Rv3872, MTSA-10, ESAT-6, and Rv3878) were 
detected in sera from 66 control subjects (Table 1). The absence 



of cross-reactivity of these antigens with sera from MOTT 
patients is consistent with the observed lack of homologs for 
these proteins in M. avium, which is the commonest cause of 
non-TB mycobacterioses in humans [8]. In fact, amino acid 
sequence identity between the five RDl proteins and M. avium 
proteins was low (ranging from 24% to 35%), with identical 
amino acid residues scattered throughout the sequences [BLAST 
homology data utilizing a partial genome sequence of Af. avium 
(http://www.tigr.org/tdb/); not shown]. Among TB patients, only 
a few (3% to 7%) responded to Rv3871, Rv3872 and Rv3878 
proteins, while a sizable proportion had antibodies against 
ESAT-6 (13%) and MTSA-10 (16%) (Table 1). Together, 
responders to ESAT-6 and/or MTSA-10 accounted for 25% of 
the TB patient cohort (data not shown). The present findings are 
consistent with our previous work on serological reactivity to 
ESAT-6 in human TB [4] and with further serological 



Table 1. Antibody responses to RDl antigens in human subjects 



Antibody responders 

among Rv3871 Rv3872 MTSA-10 ESAT-6 Rv3878 





(%) 


(%) 


(%) 


(%) 


(%) 


TB patients 


3/75 (4) 2/75 (3) 12A75 (16) 10/75 (13) 5/75 (7) 


MOTT patients 


0/16 


0/16 


0/16 


0/16 


0/16 


Healthy controls 


0/50 


0/50 


0/50 


0/50 


0/50 



The taSle shows number and percentage of antibody responders to 
RDl antigens among 75 patients having active pulmonary TB, 16 
patients with non-TB mycobacterioses (MOTT), and 50 healthy 
controls. Serum IgG antibodies were detected by MAPIA (representa- 
tive results are shown in Fig. 3). Ten of 16 sera from MOTT patients 
reacted strongly with M. tuberculosis culture filtrates (data not shown), 
indicating that these patients had mounted an antibody response to 
mycobacterial infection. 
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Fig. 3. Detection of antibody to RDl ' 
antigens in human sera. Human serum IgG 
antibodies to antigens immobilized on 
nitrocellulose membranes were detected by 
MAPIA (see Materials and Methods). Images 
are shown of representative strips printed 
with five RDl antigens (as indicated) and 
developed after incubation with sera from 
five healthy individuals (negative control 
sera) and five tuberculosis patients (TB sera). 
Strip images were obtained with a Hewlett 
Packard ScanJet IIcx/T scanner. 



evaluation of MTSA-10 using larger sets of sera from TB 
patients and controls (M.L. Gennaro et,al unpublished data). 
The serodiagnostic potential of MTSA-10 has also been recently 
recognized by Dillon et al. [26]. 

Our data on the Rv3873 protein enable us to comment on its 
immunodiagnostic potential. The Rv3873 protein is one of 68 
PPE proteins of Af. tuberculosis. These acidic, glycine-rich 
proteins are characterized by a conserved Pro-Pro-Glu sequence 
at their NH2-terminus [5], they share extensive sequence 
homology with each other [5], and they may have homologs 
in nontuberculous mycobacteria. For example^ the Rv3873 
protein shares 50% identity with a protein of M. avium, as 
indicated by a BLAST homology search that used a partial 
genome sequence of M. avium (http://www.tigr.org/tdb/) (data 
not shown). The observations that Rv3873 elicits a low-level 
DTH response (2-4 mm) in tuberculous guinea pigs, 2-3 nun 
background reactions in control, mock-infected guinea pigs, and 
elevated background reactivity in control human sera suggest 
the presence of cross-reactive sequences in this protein. 

In conclusion, the work reported here defines some of the 
immunological properties of six antigens encoded by the RDl 
region of the M. tuberculosis genome. The products of rv3871, 
rv3872y and rv3878 appear to have limited inmiunodiagnostic 
potential because they elicit no DTH in tuberculous guinea pigs 
and are recognized by serum antibodies of only a small 
proportion of patients having active TB. The product of 
rv3873, a PPE protein, induces measurable, but nonspecific, 
immune responses both in experimental and human TB, Finally, 
ESAT-6 and MTSA-10 are recognized by a substantial 
proportion of sera from TB patients and are expected to 
contribute few, if any, false-positive reactions. Thus, the latter 
two are ideal components of a multiantigen serodiagnostic 
cocktail. 
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